Experiments were carried out in a batch reactor to treat the oily effluent by electro-coagulation. The influence of operating parameters such as applied current, type of electrode and electrolysis time on electro-coagulation efficiency has been critically examined. The maximum percentage removal of chemical oxygen demand (COD) was 94% under optimum experimental conditions of pH 6.7, current density 6 mA/cm 2 , electrolysis time 40 min, and using mild steel as anode. The remaining sludge in the reactor was analyzed by energy disperse analysis of X-rays (EDAX) and scanning electron microscope (SEM) analysis. The analysis confirms that the oily pollutant was removed by electroflotation and adsorption of the oily particles of precipitate during the electro-coagulation process. Electro-coagulation can be used as an efficient treatment technique for oily wastewater.
INTRODUCTION
The increase in growth of automobile demand has resulted in an increase of automobile service stations, which in general generate a large volume of wastewater containing various pollutants. Oily effluent is considered as one of the most concerning pollution sources because it contains toxic substances such as phenols, petroleum hydrocarbons, oil and grease, high biological oxygen demand (BOD) and chemical oxygen demand (COD) load. This type of effluent comes from different sources such as water produced from crude oil production, petroleum refinery, petrochemical, metal processing and car washing (Panpanit ) . The professional automobile service stations include all services such as automobile maintenance, washing, and change of engine oil. Oily wastewater from an automobile service station is caused by mixing of automotive oil such as lubricant oil with emulsifier and wash water (Panpanit ) . These contaminants are inhibitory to plant and animal growth and also are carcinogenic to human beings. The oily effluent tends to disperse in water bodies and create a large volume of emulsions, thus increasing the cost of treatment and creating a crucial problem to the public if not properly managed and discharged. The current regulations for lowering COD and oil and grease in oily wastewater are 100 and 5 mg/l respectively.
The soluble oil wastes present in the wastewater are emulsions of oil in water which can be broken by chemical, electrochemical or physical methods. The electro-coagulation process is a potential alternative technology, used for effluent treatment and recycling purposes which is now widely used in industrial wastewater treatment. The treatment of oily effluent by electro-coagulation has been reported by a number of researchers and all of them such as Sȩngil & Özacar () Keshmirizadeh et al. () supported the technical feasibility of the process. It is generally characterized by simple equipment, easy operation, and brief retention time (Balasubramanian & Srinivasakannan ). The objectives of the present study are to evaluate COD removal using electro-coagulation at different operative conditions and study the mechanism of contaminants removal through sludge analysis.
MATERIALS AND METHODS
The experiments were carried out in a batch electrochemical reactor of 250 ml capacity, as shown in Figure 1 . Oily effluent was collected from a professional automobile service station in Chennai, India. Mild steel and aluminum were used as anodes (high dissolution ability) and stainless steel as cathode. The active electrode area is 20 cm 2 and the distance between them is 2.5 cm. A constant stirring speed of 100 rpm was maintained using a magnetic stirrer. The procedure was carried out at room temperature (30 W C). A regulated power supply was used as DC source. Ten millilitres of the sample were removed at intervals of 10 min, left for 1 h to precipitate and analyzed for pollutant degradation. The pollutant concentration was given in terms of COD which was determined through the Open Reflux Method. Oily effluents are mainly composed of oil and grease, besides other organic compounds as pollutants. These pollutants form residual COD which poses a serious hazard and is a troublesome source to the environment. At the end of the experiment, the electrodes were washed with dilute acids to remove surface grease and impurities. The initial characteristics of oily effluent are the mean value of the analysis done in triplicate: pH ¼ 6.7, Conductivity ¼ 1,536 μS cm À1 , Oil and Grease ¼ 415 mg l À1 , COD ¼ 700 mg l À1 and BOD ¼ 80 mg l À1 . The data show that there is no need to add supporting electrolyte due to the high conductivity of the effluent. All the oily effluent characteristics were determined using Standard Methods for the Examination of Water and Wastewater (APHA ). Specific energy consumption (SEC) and anode dissolution were also studied regarding the economic side of the process.
RESULTS AND DISCUSSION
Effect of current density Figure 2 shows variation of percentage COD reduction with electrolysis time at various current densities. Figure 2 (a) shows that the percentage COD reduction increases with an increase in the electrolysis time for mild steel as anode. This can be attributed to the fact that with the applied current density, the anodic dissolution for mild steel or aluminum begins. This in turn creates hydroxo-cationic complexes resulting in COD removal. Further, the applied current density determines the rate of coagulants (flocs formation) and bubble production, which may influence the process efficiency (Edwards et al. ) . An increase in the gas bubble density with reduction in their size enhances upward flux, resulting in higher pollutant degradation and sludge flotation. However, increasing the current density beyond 9 mA/cm À2 did not show any significant improvement in the percentage COD removal. This was associated with elevated pH and anode solubility, which have an adverse impact (Meas et al. ) . Also Figure 2 (a) shows that the rate of percentage COD reduction is enhanced at the beginning of the process due to metal ions and COD load, which are high at the start of the reaction and decrease in the later part of electrolysis. A similar observation has been recorded for the aluminum anode, as shown in Figure 2(b) . The results show that using mild steel as anode, COD removal was better than aluminum and it was also supported by Kalyani et al. () .
Variation of pH during electro-coagulation
The initial pH of the effluent was left unaltered. Figure 3 shows the change in pH during the reaction period at various current densities. An inverse response of pH with time during the electrochemical experiment was observed, this being characteristic behavior of complex processes. Thus, in the electro-coagulation process, the cathodic reduction of H 2 O and hydrogen evolution results in an increase in the pH, as shown in Equation (1), whereas the formation of the different aluminum/iron species by combination of the electro-dissolved ions with hydroxyl ions and the oxidation of water at the anode lead to a decrease in the pH, as shown in Equations (2)-(4) (Chen ). It can be observed that the electro-coagulation process needs more time to achieve the steady state concentration for aluminum when compared with mild steel, as the formation of the different mild steel species according to the equilibrium reactions lead to a decrease in the pH, which was lower than aluminum. This was because, the dominant species Fe(OH) 3 in mild steel tends to equalize the pH near neutral value. Whereas in the case of aluminum, the cathodic reaction of the hydroxide species of aluminum with water initially increases the pH then decreases due to the acidic properties of the salt of aluminum formed in due course of the reaction (Sȩngil & Özacar ; Cañizares et al. ) . Also, at the current density of 6 mA/cm 2 the treated effluent obtained had more pH stability than other current densities. 
Energy consumption
The SEC in (kWh/kg of COD removed) can be calculated using the following equation (Ramalho et al. ) ;
where v is voltage in volts, I refers to current in amperes, t is electrolysis time in hours, C i refers to initial COD concentration in (kg/m 3 ), C t is COD concentration at time (t), in (kg/m 3 ), and V is effluent volume in m 3 . Figure 4 shows that the SEC increases with an increase in the electrolysis time and applied charge. The SECs at low applied charges were close for both mild steel and aluminum, and they increased with the rising current density in mild steel (Figure 4(a) ). This is because in the beginning of the process the electrode surface is smooth and the energy supplied is directly proportional to the amount of metal ion generation, which in turn is related to floc formation. The proportional rate of metal ion generation decreases during electrolysis (beyond 40 min) and excess current is used to heat the solution, resulting in reduction of percentage COD removal and increases in SEC per kg of COD removal. This substantiates our previous observation of more percentage COD removal in the beginning of the process and reduction in percentage COD removal per unit time in the later part of the electrolysis. On the other hand, the increase in SEC per kg of COD removal varies linearly with time using an aluminum anode (Figure 4(b) ).
Anode dissolution
The electrode consumption can be estimated using the following equation (El-Naas et al. ).
where m is electrode consumption (g), F is Faradays constant (96485.3C/equiv.), M is the atomic weight of mild steel (iron) and aluminum (g/mol), n is the valence of iron and aluminum, I refers to the current (A), and t is the electrolysis time (s). Figure 5 shows that the amount of metal ion generated increases linearly with electrolysis time and applied charge for both mild steel and aluminum anodes. The mild steel dissolution was three times more than aluminum at the same current density. From Equation (6) it is clear that when the molecular weight (M) increases and free electrons (n) decrease, anode dissolution will increase, as in the case of mild steel. In the case of aluminum, the molecular weight was low and free electrons were more than mild steel, which results in lowered anodic dissolution. The rates of electrode erosion at 3, 6, and 9 mA/cm 2 current density were about 0.865, 1.729, and 2.594 mg/min, for mild steel and 0.278, 0.558, and 0.83 mg/min for aluminum.
EDAX and SEM analysis
The sludge analyses by energy disperse analysis of X-rays (EDAX) are shown in Figure 6 using mild steel, and Figure 7 using aluminum as anodes. The effluent was allowed to stand for 1 h and it was observed that, in the case of mild steel the sludge settled at the top and bottom of the reactor, whereas for aluminum the sludge settled at the bottom. EDAX analysis confirmed the presence of organic and inorganic pollutants in the sludge. Elements such as C, S, Ca, Na, and Si were adsorbed on the surface of Fe(OH) 2(s) , 4Fe(OH) 3(s), and Al(OH) 3(s) , destabilized, and precipitated. During the electro-coagulation process, gases such as H 2 , O 2 , and CO 2 (to some extent) were released and this contributed to the removal of contaminates by electroflotation. The results reveal that about 48.8% of oily pollutants were removed by electroflotation depending on weight percentage of pollutants (carbon) for the upper part of the sludge, as shown in Figure 6 (a) and about 51.2% of oily pollutants were removed by floc precipitation for the lower part of the sludge, as shown in Figure 6 (b). Figure 7 depicts that the removal of oily pollutants using aluminum was less than mild steel by 23.5%, depending on weight percentage of pollutants. Other elements detected in the sludge came from the scrap impurities of the MS and Al electrodes (Drouiche et al. , ) .
Images of mild steel and aluminum electrodes taken by a scanning electron microscope (SEM) are shown in Figures 8(a) and 8(b) respectively. The SEM images of electrodes show dents on the surface of mild steel, rougher than those on the surface of aluminum, which makes active sites on the surface of mild steel more than on the surface of aluminum, and the electrode dissolution results in the production of iron and aluminum hydroxides. Thus, the adsorption of organic and inorganic pollutants contribute to the anode material consumption at active sites due to the generation of oxygen at its surface at the 
CONCLUSION
Experiments were carried out in a batch reactor to treat oily effluent by electro-coagulation covering various operating conditions. The percentage COD removal was influenced by applied current, type of electrode and electrolysis time. Maximum COD removal of 94% was observed under optimized experimental conditions of initial pH 6.7, current density 6 mA/cm 2 and initial concentration of 700 ppm using mild steel as anode. EDAX and SEM analysis confirmed that oily pollutants can be removed by electrocoagulation through the metal hydroxide and the gases were released during the electro-coagulation process.
